Equivalent Pore Radius of the Axolemma of Resting and Stimulated Squid Axons by Villegas, Raimundo et al.
Equivalent  Pore  Radius of the Axolemma 
of Resting and  Stimulated Squid Axons 
RAIMUNDO  VILLEGAS,  IRIS  B. BRUZUAL, 
and  GLORIA  M. VILLEGAS 
From  Centro  de  Biof~ica,  Instituto  Venezolano  de  Investigaciones Cienttficas  (IVIC), 
Apartado  1827, Caracas, Venezuela 
The relationship  between  electrical potentials,  ion concentrations,  and  ion  perme- 
abilities have been thoroughly investigated in the squid axon. The wealth of experi- 
mental  results  supports  the  ionic  theory of the  electrical phenomena  and  offers a 
satisfactory description of what the axolemma does at  a  variety of functional stages 
(I-3).  In contrast, only suggestions exist about how the axolemma does what it does 
(3). 
A  major and  challenging problem is  that of the nature of the mechanism of the 
ion permeabilities that underlie the electrical phenomena.  A  variety of suggestions 
has been made on the nature of this mechanism (4-12). The existence in the axolemma 
of ion  pathways,  channels,  and/or  equivalent  pores  has  been  proposed.  The  ion 
channels are envisioned as sodium and potassium, voltage-sensitive paths, with gates 
that can be blocked by tetrodotoxin and tetraethyl ammonium respectively (13-19). 
The equivalent pores are pathways calculated from measurements of the permeability 
to water and  some small nonelectrolyte molecules.  In the resting axolemma,  it has 
been calculated that the equivalent pores have a radius of  4-5 A  and are spaced about 
1000 A  apart  (12,  20).  From analysis of ionic permeability studies  the existence of 
similar pores has been proposed (7, 8). 
The present study deals with the determination of the reflection coefficient a  (21) 
of the axolemma of resting and stimulated squid axons, for a  set of penetrating non- 
electrolyte molecules. The a values are then used to calculate (22- 26) the equivalent 
pore radius  of the axolemma at rest and during activity. The method is essentially 
the same used by Villegas  and Barnola  (see reference 20),  following Goldstein and 
Solomon (24). 
EXPERIMENTAL  METHOD 
Experimental  Procedure 
Pairs of axons obtained from the hindmost stellar  nerves of living  squid  Doryteuthis plei were 
used.  Each axon was  mounted separately in  the Plexiglass cell  shown diagrammatically in 
Fig.  I, into which solutions of different composition could be introduced by a multiple tap and 
changed in about 2 see. The experiments consisted in measuring the axon diameter (see refer- 
ence 20)  (a) initially while the axon was maintained during 10 rain in the isotonic standard 
solution  containing only nonpenetrating solutes and  (b)  at 10-see intervals after this medium 
8i  s 
The Journal of General Physiology89  S  CELL  MEMBRANE  BIOPHYSICS 
had  been replaced  by a  test solution containing a  single penetrating nonelectrolyte solute. 
Both axons of each pair were exposed  to the same test solution, one at rest and the other stimu- 
lated at a frequency of 100/see.  The change in axon volume was calculated from the change in 
axon diameter. Changes in length were avoided by keeping the axon under tension. The area 
was assumed to remain constant, since the axon may begin to swell with no changes in its area 
owing to irregularities in the surface. 
Test Nonelectrolyte Molecules 
The penetrating molecules used in the present work, chosen from homologous series of non- 
electrolytes,  were  the  following: formamide,  propionamide,  malonamide; ethylene  glycol, 
propylene glycol,  glycerol, erythritol; urea, methylurea, and dimethylurea. Their molecular 
model radii (20, 24),  and olive oil/water partition coefficients  (27), are given in Table I. 
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FIOURE  1.  Diagram of the measuring cell. The tap of the Hodgkin and Horowicz type 
has six inlets and six outlets, one to the cell and five to waste. Tap and measuring cell were 
connected with rubber tubing (RT).  The axon was placed in the channel of the cell, 
resting on the platinum wire electrodes (SE, stimulating electrodes; GE,  ground elec- 
trode; RE, recording electrodes)  and gripped to the clamps (C) by means of threads tied 
at  its  ends. The  channel was covered  with a  glass  cover slip.  The solution, flowing 
through the channel, was flushed to waste by suction. The position of the light source (L) 
and microscope are indicated. 
Composition of the Solutions 
The components of normal artificial sea water and their concentrations in millimols per liter 
are  as follows:  NaC1,  441.7; KCI,  9.9;  CaC12,  11.0;  MgCI~,  53.1;  NaHCO3,  2.5.  Its  os- 
molality of 1010 milliosmols/kg  of water is considered as isosmolal with the axoplasm. 
The isotonic standard solution was prepared with artificial sea water from which 205 mil- 
liosmols  of NaC1  per kilogram of water were  removed and replaced  by 205  milliosmols of 
raffinose per kilogram of water. 
The test solutions were made with artificial sea water from which 205 milliosmols of NaC1 
were removed and different amounts of a single penetrating nonelectrolyte solute were added 
to obtain the concentrations shown in Table II. 
THE  REFLECTION  COEFFICIENT  0  t 
The rate of volume change per unit area,  dV/Adt,  of an axon exposed to a  solution 
containing  one  penetrating  nonionic solute  and  osmotically  impermeable  to  the 
other  solutes present at  both  sides  of the  axolemma,  is  described  by the following R.  VILLEGAS,  I.  B.  BRUZUAL,  AND  G.  M.  VILLEOAS Axolemma Pore Radius  8 3 s 
equation: 
dV/Adt  =  LvA~r~  --  LvcrRTAc .  ( 1 ) 
in which Lv is  a  phenomenological coefficient,  A~-~ the  osmotic pressure  difference 
produced by the nonpenetrating solutes,  cr the  Stavermann reflection coefficient, R 
the gas constant,  T the absolute temperature, and Ac, is the concentration difference 
of penetrating solute across the membrane.  ~RTAc~  is the osmotic pressure actually 
produced across the axolemma by the concentration difference of penetrating solute. 
The limiting  values  of the reflection coefficient are  ~  =  1 when  the  membrane  is 
permeable to the solvent and not to the solute and,  =  0 when the solute and solvent 
molecules pass across the membrane with equal velocity. 
TABLE  I 
MOLECULAR RADII AND OLIVE OIL/WATER PARTITION 
COEFFICIENTS OF THE TEST  SOLUTES 
Olive oil/water partition 
Molecule  Radius  coefficient 
A  101 
Formamide  1.96  0.76 
Propionamide  2.31  3.6 
Malonamide  2.57  0.08 
Ethylene  glycol  2.24  0.49 
Propylene glycol  2.61  5.7 
Glycerol  2.77  0.07 
Erythritol  3.06  0.03 
Urea  2.17  0.15 
Methylurea  2.37  0.44 
Dimethylurea  2.70  2.3 
Hence from equation  1 : 
(r  =  (57rdRT)/Ac.,  when dV/Adt  =  0  (2) 
For evaluation of o- by means of equation 2,  (dV/Adt) o, the initial rate of volume 
change  per  unit  area,  was used instead of dV/Adt,  in order to minimize changes in 
Acs  caused  by the  penetration  into  the  axon  of the  test  solute  (see  reference  24). 
In the present work raffinose and the normal constituents of artificial sea water and 
of the  axoplasm  are  considered  as  osmotically nonpenetrating  solutes.  For  NaC1, 
values  of  ~  =  1 were  calculated  from measurements  of  (dV/Adt)o  in  10  pairs  of 
resting and  stimulated  axons,  up to  150/see,  exposed to sea water made hypotonic 
or hypertonic by removing  103 or by adding 205 milliosmols of NaCI per kilogram 
of water.  In  I0 pairs  of axons,  raffinose was demonstrated  to exert its  full  osmotic 
effect when it was used to replace,  osmol per osmol, 205 milliosmols of NaC1 in the 
artifical sea water. 84 s  CELL  MEMBRANE  BIOPHYSICS 
Fig. 2 shows the change in diameter which occurred when two pairs of axons were 
exposed  to  the  ethylene  glycol  test  solutions.  One  axon of each pair was kept  at 
rest and the other was stimulated at a  frequency of 100/sec while exposed to the test 
solution. One pair of axons was exposed to the solution containing 96  milliosmols/kg 
of water,  and the other to the solution containing 436 milliosmols/kg of water.  The 
concentration difference of nonpenetrating  solutes,  ATrl/RT,  was 205 milliosmols/kg 
TABLE  II 
INITIAL RATE OF VOLUME CHANGE PER UNIT AREA  (dV/Adt)o, AT DIFFERENT 
CONCENTRATIONS OF  PER~EANT SOLUTES  (A¢8), FOR A CONCENTRATION 
DIFFERENCE OF NONPENETRATING SOLUTES 
OF 205 MILLIOSMOLS/LITER 
No. of  Axon R  (resting axon)  Axon S  (stimulated  at 100/sec) 
axon 
Solute  ks  parrs  Diameter  (dV/Adt)o  Diameter  (dV/Adt) o 
milliosmols/ 
liter  #  10-~ cm/sec  ~  10-~ on~see 
Formamide  143  6  3514-16  0.69-4-0.05  337-4-24  0.834-0.07 
245  5  3174-9  0.514-0.02  3054-4  0.60d:0.01 
403  5  357-4-18  0.174-0.04  3724-11  0.294-0.03 
Propionamide  108  5  3234-14  0.274-0.06  301 4-8  0.694-0.06 
556  4  366-4-19 --0.444-0.04  3824-10  --0.21-4-0.03 
Malonamide  92  5  3414-18  1.084-0.09  338-4-4  1.50-4-0.09 
469  6  3254-11 --0.954-0.06  3214-12  --0.724-0.03 
Ethylene glycol  96  6  2744-19  0.494-0.01  2874-13  0.854-0.09 
436  6  3454-9  --0.304-0.03  3384-9  --0.184-0.01 
Propylene glycol  108  6  3244-23  0.254-0.03  3304-23  0.484-0.06 
307  6  3714-13  0.014-0.01  3784-20  0.174-0.05 
476  5  3454-26 --0.354-0.05  3094-23  0.01-4-0.01 
Glycerol  92  4  2574-10  0.414-0.06  2654-9  0.474-0.04 
362  5  2614-8  --0.394-0.05  2714-10  --0.384-0.03 
Erythritol  101  5  3464-7  0.464-0.03  3544-9  0.53=h0.05 
433  5  3314-14 --0.784-0.03  3214-6  --0.774-0.08 
Urea  60  4  3344-15  1.024-0.02  3754-8  1.224-0.07 
477  5  3504-19 --1.114-0.02  3594-14  --1.094-0.03 
Methylurea  103  5  3314-13  0.604-0.04  3494-16  0.99~0.04 
509  5  3324-12 --1.014-0.06  3354-8  --0.82:t:0.05 
Dimethylurea  93  5  3184-14  0.724-0.02  3374-17  1.03d:0.02 
527  5  333-4-28 --0.854-0.04  3094-18  --0.404-0.07 
of water. The dashed lines indicate the initial rates of change in diameter from which 
the values of (dV/Adt)o were calculated. 
Table II summarizes the values of (dV/Adt) o obtained in 113  pairs of axons, with 
all the test solutions prepared with the  10 nonelectrolyte molecules. This table shows 
the difference between the initial rates of volume change per unit area of the resting 
and stimulated paired axons• 
In a  group of experiments carried out with five pairs of axons, both axons of each 
pair  at  rest,  exposed  to  the  test  solution containing 108  milliosmols of propylene 
glycol per kilogram of water,  the  ratio  of  the  (dV/Adt)o  of paired axons is  1.0  4- R.  VILLEGAS, I.  B.  BRUZUAL, AND G.  M.  VILLEOAS Axolemma Pore Radius  85 s 
0.1  (mean  4-  sE).  Thus,  the  difference  between  the  resting  and  stimulated  paired 
axons should be due to the effect of stimulation and not to random variations. 
The  reversibility  of the  effect  of stimulation  was  explored  in  a  group  of control 
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Floul~  2.  Change  in  diameter  of 
two pairs of axons in ethylene glycol 
test solutions,  plotted as a function of 
time. The concentration differences of 
nonpenetrating  solutes  is  205  mil- 
liosmols/kg of water.  The axon pairs 
are (a, b) and (c, t0. The dashed lines 
indicate the initial rates of change in 
diameter  from  which  the  values  of 
(dV/Adt)o  are  calculated. 
(A ~i/RT) =  205  milliosrnols/kq  H20 
experiments.  Six  pairs  of axons were  used.  One  axon of each pair was stimulated at 
a  frequency of 100/see during  I  min,  before both axons of each pair were exposed at 
rest to the test solution containing  108 milliosmols of propylene glycol per liter.  The 
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FIOUR~ 3.  The initial rate of volume change per unit area, plotted as a function of the 
concentration of ethylene glycol (EG) in the test solutions.  The concentration difference 
of nonpenetrating solutes  is 205 milliosmol/kg of water. The arrows indicate the concen- 
trations of ethylene glycol and  of nonpenetrating  solute required  to establish  osmotic 
balance in axons at rest (R), and stimulated  at  100/sec (S).  The number of axon pairs 
used are in parenthesis. 
ratio of the (dV/Adt) o of the resting axons previously stimulated  to that of the paired 
always kept at rest is 1.0 4- 0.1. Thus,  it may be concluded that the change caused by 
stimulation is reversible and not due to a  permanent alteration  of the axolemma. 
Fig.  3  shows  the  values  of (dV/Adt)o  plotted  as  a  function  of the ethylene  glycol 86 s  CELL  MEMBRANE  BIOPHYSICS 
concentration,  Ac,, in the test solutions.  Each value is the mean ~  sE of the measure- 
ment made in six axons. The two different mean values of (dV/Adt)o  plotted for each 
Ac,  correspond  to  the  paired  resting  and  stimulated  axons.  Fig.  3  reveals  that  the 
external  concentrations  of ethylene  glycol  needed  to  prevent  the  initial  change  in 
volume,  as calculated  by graphic  interpolation,  are  309  and 379  milliosmols/kg  of 
water for the axons at rest and stimulated  at  100/see respectively.  These concentra- 
tions are higher than the concentration of nonpenetrating solute required  to produce 
the same effect.  Similar results were obtained with all the test solutes. 
Table  III shows the results  obtained with  the  10 nonelectrolyte molecules tested. 
It presents  the values of Acs required  to make (dV/Adt)o  equal to zero in the resting 
and stimulated  axons, and the respective values of cr calculated by equation 2. These 
TABLE  III 
CONCENTRATION DIFFERENCE OF TEST SOLUTES  (Ac,) WHICH BALANCE A 205 
MILLIOSMOLS/LITER DIFFERENCE OF NONPENETRATING SOLUTES (A~rdRT) 
AT  ZERO TIME; REFLECTION COEFFICIENT (.)  OF THE AXOLEMMA FOR 
THE TEST  SOLUTES; EQUIVALENT PORE RADIUS  (r~) 
REQUIRED TO  ACCOUNT FOR THE MEASURED 
Axon  R  (resting axou)  Axon S  (stimulated  at 100/see) 
~.  for  (dV/  ~,  for (dV/ 
Solute  Adt)o  ~  0  ~  rp  Adt)o  =  0  * 
milliosmols/  milliosmols/ 
liter  A  liter  A 
Formamide  491  0,42  5.2  542  0.38  5.6 
Propionamide  279  0,73  4.4  453  0.45  7.2 
Malonamide  290  0.71  5.6  347  0.59  6.8 
Ethylene glycol  309  0.66  4.6  379  0.54  5.8 
Propylene glycol  278  0.74  5.4  462  0.44  9.0 
Glycerol  233  0.88  4.6  244  0.84  5.0 
Erythritol  225  0.91  4.8  236  0.87  5.4 
Urea  260  0.79  3.4  279  0.73  3.8 
Methylurea  257  0.80  4.2  325  0.63  5.6 
Dirnethylurea  293  0.70  6.2  406  0.50  8.8 
results  indicate  that,  for  all  the  test  nonelectrolytes  used  in  the  present  work,  ~  is 
smaller than  1 in the resting axolemma and  that it diminishes with stimulation. 
THE  EQUIVALENT  PORE  RADIUS 
The  expression  equivalent  pore radius  should  be  taken  in  its  literal  meaning,  since 
at the present  time no experimental  evidence is  available  concerning  the conforma- 
tion  of the  pathways  in  the  axolemma.  They  could  be  approximately  cylindrical, 
rectangular,  or intermediately  shaped,  tortuous  or straight,  and  they  may  exist  as 
transient paths appearing and disappearing  by random fluctuations  or as permanent 
structures.  They may be lined by lipid polar groups or by proteins, or may be formed 
by spaces separating  the outer surfaces of membrane repeating  units.  They may exist 
or occur individually at intervals or in small cluster. 
A~I,  the  effective  pore  area  for filtration  of a  molecule  through  a  membrane  is R.  VILLEGAS, I.  B.  BRUZUAL, AND  G.  M.  VILLEGAS  Axolemma  Pore Radius  8 7 s 
given by Renkin's equation  19  (26): 
A~I  =  A~  {2[1  --  (r,/r~,)]  ~  --  [1  --  (r,/r~,)]  4} 
[I  --  2.104(r~/r,)  +  2.09(rx/rp) 3  --  0.95(r~/r~) 5]  =  A~,j'(r,/r~) 
(z) 
in which A~ is the  geometrical pore area,  r,  the  radius of the  molecule,  and  rp the 
pore radius. 
Durbin,  Frank,  and  Solomon  (22)  give  the  following  equation  to  relate  a  to 
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FIGURE 4.  Theoretical curves representing 1  -  ~r as a  function of the molecular radius 
for the axolemma at rest  (r~  =  4.7 A),  and the  axolemma carrying 100  impulses per 
second (r~  =  6.2 A). The experimental values of 1  -  ~ determined in the resting and 
stimulated axons,  are plotted as a  function  of the molecular radius on  the  respective 
theoretical curve. 
filtration pore areas: 
o-  =  1  --  (A.//Aw~)  (4) 
in which A,), and Awz are the effective pore areas for the filtration of solute and water 
molecules respectively. This equation has been experimentally confirmed by Durbin 
(2~). 
By means  of the previous equations  the value of ~  for  any  ratio A,HAwl  and  for 
any value of r~ may be calculated. Thus: 
~r  =  1  -- f(r,/rp)/f(rw/r,)  (5) 88  S  CELL  MEMBRANE  BIOPHYSICS 
in which r, and  r,o are the molecular radii of the solute and water respectively.  The 
radius of the water molecule is taken as  1.5 A  (28). 
Table III shows the experimental values of ~ and  also the values of rp that if in- 
troduced in equation 5 give values of cr equal to  those  experimentally determined for 
each  of the  10  penetrating  solutes. 
Fig.  4  shows the theoretical curves representing  1  --  a  as a  function of the molec- 
ular radius, which  describe  most closely  the  experimental results. They correspond 
to equivalent pore radii of 4.7 A for the axolemma at rest, and 6.2 A for the axolemma 
carrying  100  impulses per second,  respectively.  The  experimental values  of  1  --  ~r 
determined in the resting and  the stimulated axons, are plotted as a  function of the 
molecular radius juxtaposed  to  the  corresponding  theoretical  curve. 
Diffusion and Filtration 
The  equivalent  pore  radius  of 4.7  A  for the  resting  axolemma agrees with  recent 
measurements of the penetration  by diffusion of 14C  --  labeled ethylene glycol (un- 
published),  erythritol,  mannitol,  and  sucrose  (12,  29,  30).  The  molecular  radii  of 
mannitol and sucrose are about 4  and 4.5 A  respectively. 
An increase in the penetration of these 14C-labeled nonelectrolytes was observed in 
stimulated  axons.  It was  considered  to  be due  to  an  increase  in  the  effective area 
available  for  the  penetration  of the  nonelectrolyte  during  activity  and  to  a  drag 
effect of the sodium ions entering the axon during the conduction of the nerve impulse 
(12,  29,  30).  The effect of stimulation  on the  penetration  of the  14C-labeled solutes 
was observed to  be independent  of axon diameter for ethylene glycol  (unpublished 
results), but it was found to diminish progressively as a  function of axon diameter for 
erythritol,  mannitol,  and  sucrose  (31).  Slight  structural  changes  in  the  diffusion 
barriers would  be enough to account for these results,  In support of this suggestion, 
ultrastructural changes related to axon diameter have been found in the squid nerve 
fiber (32,  and unpublished results). 
A  cylindrical treatment of the configuration of small molecules has revealed good 
correlations  between  reflection  coefficient  a  and  molecular  diameter  and  between 
diffusion  coefficient  and  molecular length. 1 It suggests  that  irregularities  or  tortu- 
osities  in  the  pathways  should  more  critically  affect  diffusion  than  filtration.  In 
agreement with this,  no changes related  to axon diameter were found in  the values 
of ~ for the nonelectrolytes molecules tested in the present work. 
The Schwann layer is traversed by slitlike channels,  60-120 A  wide, which allow 
water,  ions, and molecules to reach the axolemma surface (32,  33). Also the osmotic 
swelling  of the  Schwann  cells does not appear to reduce these pathways sufficiently 
to produce variation in the rate of axon volume change  (33).  Assuming an effective 
channel  width  of 30 A  owing  to  the  presence of connective tissue-like ground  sub- 
stance in the channel lumen  (32), it may be calculated that the reflection coefficient 
of the  Schwann  layer for erythritol,  the  largest test molecule used in  the  present 
work,  is 0.15.  The values of ~ calculated for the axolemma are 0.90  and 0.85 in  the 
1 Soll, A. tt.  1967 A new approach to molecular configuration  applied  to aqueous pore transport. 
J. Gen. Physiol. 50-'2565. R.  VILLEGAS, I.  B.  BRUZUAL, AND  G.  M.  VILLEGAS  Axolemma Pore Radius  8 9 s 
resting and stimulated stages respectively. Therefore,  the assumption  that  the main 
barrier for molecular filtration is situated in the axolemma is justified  (see reference 
20, 34). 
Molecular Radius and Lipid Solubility 
The  simplification  involved  in  the  estimation  of  the  molecular  radii,  the  steric 
hindrance due to molecular and pore charge interactions, and the existence of other 
mechanisms for molecular transfer across the axolemma are some of the factors that 
may account for the deviations of individual values from the curves shown in Fig.  4 
(see reference 20, 24). 
The nonelectrolytes having polar groups such as  --OH,  and  --NH~,  which  are 
capable of binding water through hydrogen bonds,  should  have  in  solution  radii 
larger  than  those  computed from their  molecular models.  Similarly,  the  nonelee- 
trolytes such as urea, which owing to their electrical assymmetry may interact with 
the pore changes,  are expected to behave as molecules with radii larger than those 
of the corresponding molecular models. The opposite effect will be produced by the 
coexistence in the membrane of nonelectrolyte transport processes with rates of the 
same  order of magnitude as  that of the penetration through equivalent pores.  The 
contribution of the additional transport on the values of a  and rp may be significant 
in  cells with  a  low water permeability, such as  the squid  axon  (34),  in  which  the 
time  required  to  measure  osmotically induced  volume changes  is  of the  order  of 
seconds. 
One  of the mechanisms  proposed for the  transfer of molecules across cell mem- 
branes,  in  addition  to  the  penetration  through  pores,  is  the  passage  through  the 
"lipoid layer." As shown in Fig. 5, to ascertain the contribution of this mechanism to 
the equivalent pore radius calculated in resting and stimulated axons, the values of 
r~ that would best fit the individual molecule calculated from the value of ~ for each 
test  molecule,  in  the  axons  at  rest  and  stimulated  at  100/sec,  were  represented 
versus the respective olive off/water partition coefficient of the molecules. 
It may be seen in Fig. 5,  that the net increases caused by stimulation in the pore 
radius  calculated from the values of ~  (rest and stimulated) for each test molecule, 
are  somehow  related  with  olive  off/water  partition  coefficient of the  test  solutes. 
The most striking contribution of the passage through the lipid route occurs in  the 
stimulated  axons.  Since  olive oil  is  composed  of glyceryl esters  of oleic,  palmitic, 
linolenic, and arachidic acids, this relation suggests that during the conduction of the 
nerve impulse a  structural transformation of the axolemma occurs which allows the 
nonelectrolyte molecules to reach the nonpolar regions of the membrane lipids. This 
structural transformation is in all probability related to the formation (or opening if 
they preexist in  the  resting axolemma)  of the  equivalent pores which  characterize 
the stimulated axons. 
SUMMARY 
The existence in the axolemma of ion pathways,  channels, and/or equivalent pores, 
has  been  proposed  to  explain  the  ion  permeabilities  that  underlie  the  electrical 
phenomena.  Previous calculations from measurements of the filtration of water and 9  ° s  CELL  MEMBRANE  BIOPHYSICS 
nonelectrolyte molecules, expressed in terms of the reflection coefficient ~, indicated 
that the resting axolemma the equivalent pores have a radius in the 4-5 A range and 
that they are spaced about 1000 A apart (20, 34, 35).  In the present work, by use of 
the same method (24) and essentially the same technique (20),  changes in equivalent 
pore radius  during conduction of the  nervous impulse were investigated.  Measure- 
ments of the reflection coefficient e of the axolemma in resting and stimulated axons 
were  performed for  10  penetrating  nonelectrolyte molecules.  It permitted  the  cal- 
culation that the equivalent pore radius of the axolemma at rest is 4.7 A and that of 
the axolemma carrying 100 impulses per second is 6.2 A. The relation between the 
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FIGURE 5.  Pore radius  calculated  from each measured  ¢  (rest and stimulated)  for each 
test molecule, versus olive oil/water partition coefficient. The increase caused by stimula- 
tion in the pore radius  calculated  for each molecule  appears  related  to the olive oil/ 
water partition coefficient. See text for discussion. FA, formamide;  PA, propionamide; 
MA malonamide;  EG, ethylene glycol, PC,, propylene  glycol; G, glycerol; E,  erythritol; 
U,  urea; MU,  methylurea; DMU,  dimethylurea. 
(rest  and  stimulated)  for  each  test  molecule  and  the  olive  oil/water-partition  co- 
efficient suggests  that during formation of pores characteristic  of activity,  nonelec- 
trolytes may reach the nonpolar regions of the membrane lipids. 
The results suggest that the ion channels may be a  fraction of the total number of 
equivalent pores calculated from water and nonelectrolyte permeability studies. The 
use of a  pore by an ion to move across the axolemma may be conditioned by some 
characteristics of the pore, such as chemical nature and charges, in addition to size. 
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